Several investigators have reported on the detection of enteric viruses in marine sediments, but none determined the efficiency of their methods and only limited volumes of sediment were sampled. The purpose of this investigation was to develop a quantitative method for detecting enteroviruses in marine sediments so that their relative proportion to viruses freely suspended in estuarine water could be more accurately determined. Poliovirus was found to adsorb readily to natural marine sediments collected along the Texas Gulf coast. A number of substances were evaluated for their ability to elute adsorbed viruses. A solution of 10% fetal calf serum adjusted to pH 10.5 and 0.05 M ethylenediaminetetraacetate (pH 11.0) were found to be the best eluents. Using ethylenediaminetetraacetate as an eluent, it was possible to elute virus from large volumes of sediment and reconcentrate the sediment eluate into an economically assayable volume (30 to 50 ml). Poliovirus could be recovered from the sediment with an overall efficiency of 50%. This method was found to be satisfactory for the recovery of naturally occurring animal viruses in estuarine sediments from the upper Texas Gulf coast.
Several investigators have reported on the detection of enteric viruses in marine sediments, but none determined the efficiency of their methods and only limited volumes of sediment were sampled. The purpose of this investigation was to develop a quantitative method for detecting enteroviruses in marine sediments so that their relative proportion to viruses freely suspended in estuarine water could be more accurately determined. Poliovirus was found to adsorb readily to natural marine sediments collected along the Texas Gulf coast. A number of substances were evaluated for their ability to elute adsorbed viruses. A solution of 10% fetal calf serum adjusted to pH 10.5 and 0.05 M ethylenediaminetetraacetate (pH 11.0) were found to be the best eluents. Using ethylenediaminetetraacetate as an eluent, it was possible to elute virus from large volumes of sediment and reconcentrate the sediment eluate into an economically assayable volume (30 to 50 ml). Poliovirus could be recovered from the sediment with an overall efficiency of 50%. This method was found to be satisfactory for the recovery of naturally occurring animal viruses in estuarine sediments from the upper Texas Gulf coast.
The discharge of domestic sewage effluents into coastal water has been shown to be a public health hazard (7) . Outbreaks ofinfectious hepatitis and nonbacterial gastroenteritis have been traced to the consumption of shellfish taken from polluted marine water (8) .
Recent developments in virus concentration technology have made it possible to concentrate enteroviruses from 400 or more liters of turbid estuarine water (12) , but evidence gathered by several investigators on the association of virus to solids indicates that sampling of the water alone may not give a true indication of the potential viral disease hazard (1, 2, 5) . Viruses as well as enteric bacteria (4) have been found to survive for longer periods of time in marine water when adsorbed to clay than when held in free suspension (1, 5) . Thus, sediments may act as a reservoir of enteric viruses which could be resuspended by a number of natural and manmade events.
Several investigators have reported on the detection of enteric viruses in marine sediments (2, 11, 14) , but none determined the efficiency of their methods and only limited volumes of sediment were sampled. The purpose of this investigation was to develop a quantitative method for the detection of enteroviruses in marine sediments so that their relative proportion to viruses freely suspended in estuarine water could be more accurately evaluated.
MATERIALS AND METHODS
Virus and viral assays. All viral assays were performed in the BGM cell line, which was passaged, grown, and maintained by previously described methods (10) . A plaque-purified line of poliovirus type 1 (strain LSc) was used. Stock virus was grown in BGM cells, concentrated 10-fold, partially purified by membrane chromatography (16) , and stored at -30°C. Virus samples were diluted in tris(hydroxymethyl)-aminomethane-buffered saline containing 2% fetal calf serum, penicillin (100 U/ ml), and streptomycin (100 ,ug/ml). Virus assays were performed by the plaque-forming unit (PFU) method as used in this laboratory (15 Elution and reconcentration of virus from large volumes of sediment. Virus was adsorbed to 500 g of sediment as described. After decanting the artificial seawater, the sediment was resuspended in 1,500 ml of 0.25 M glycine buffer (adjusted to pH 11.5 with 10 N NaOH) containing 0.05 M ethylenediaminetetraacetate (EDTA). This molar concentration of glycine buffer and initial pH were found necessary to obtain a final pH of 11.0 after addition of the eluent to the sediment. The pH of the eluent after addition to the sediment was always determined to insure a final pH of 11.0. The centrifuge tubes containing the sediment-eluent mixture were then placed on a shake table and mixed for 10 min. The sample was then centrifuged for 4 min at 2,510 x g to remove the sediment. The supernatant was quickly decanted and adjusted to pH 3.5 by addition of 1 M glycine buffer (adjusted to pH 2.0 by addition of 12 N HCl). Aluminum chloride (1 M) was then added to yield a 0.06 M final concentration, and the solution was passed through an AP20 (Millipore Corp., Bedford, Mass.), 1-and 0.45-,um-porosity (series AA, Cox Instrument Corp., Detroit, Mich.), 142-mm-diameter filter series. The final concentration of aluminum chloride is higher than normally needed for virus adsorption (12, 17) because of the need to overcome any effect of the EDTA added to elute the viruses from the sediment. An organic floc sometimes formed during this procedure, but it did not interfere with passage of the eluate through the filters or elution of the virus. Virus was eluted from the filters by passage of two 15-ml volumes of 0.25 M glycine buffer (adjusted to pH 11.5) through the filter series. The eluate was then quickly neutralized by addition of 1 M glycine buffer (adjusted to pH 2.0 by addition of 12 N HCI). A final eluate volume of 30 to 50 ml was obtained.
Concentration of viruses from natural seawater. Naturally occurring viruses were detected in natural seawater from 20-liter samples according to the method described by Payment et al. (12) . With Thus, although organic eluents may be useful for eluting virus from small volumes of estuarine sediment, they cannot be successfully used when large amounts of sediment are processed.
A group of eluents that did not contain large amounts of soluble organic matter was then tested. Glycine buffer adjusted to pH values above 10 has been successfully used to elute enteroviruses from membrane filters (16) , and it was tested in the present study. However, very low recoveries of virus were achieved with glycine buffer adjusted between pH 10.0 and 11.5; in fact, it appeared that the long exposure time of the virus to pH 11.5 (at least 10 min) in the eluate apparently was virucidal (Table 3) . Additional substances were also tested (Table  4) , with a solution of 0.01 M EDTA in glycine buffer (with a final pH of 11.0 after addition to the sediment) yielding the best results of the eluents not containing fetal calf serum. To obtain a final pH of 11.0, it was necessary to add glycine buffer adjusted initially to pH 11.5. Increasing the EDTA concentration to 0.05 M also increased virus recovery (Table 5) .
Since it was desirable to use as small a volume as possible, various volumes of eluent were tested. A ratio of 10 g (or 8 ml of wet The efficiency of virus elution from 500 g (400 to 450 ml, wet weight) of sediment and reconcentration of the eluate was next evaluated (Table 8) . Virus was eluted from this volume of sediment with an average efficiency of 79% and reconcentrated into a final volume of 30 to 50 ml by use of a membrane adsorption-elution technique (3, 17) , with an average overall efficiency of 50%. The lower efficiency of virus elution probably resulted from the increased handling time and perhaps the use of the larger volume of sediment.
The complete method for isolating virus from estuarine sediments is: (i) addition of 500 g (400 to 450 ml, wet weight) of sediment to 1,500 ml of 0.25 M glycine buffer containing 0.05 M EDTA with a final pH of 11.0; (ii) shaking of the sediment-eluent mixture for 10 min; (iii) removal of sediment by centrifugation; (iv) adjustment of the supematant to pH 3.5 by addition of 1 M glycine buffer (pH 2.0) (neutralization of the eluate should be performed as quickly as possible to prevent inactivation of the virus due to the high pH [3] ); (v) addition of 1 M AlCl3 to a final concentration of 0.06 M; (vi) passage of the eluate through a series of adsorbent membrane filters; (vii) elution of the virus from the filters with 0.25 M glycine buffer (pH 11.5); and (viii) neutralization of the filter eluate with 1 M glycine buffer (pH 2.0).
The above method was successfully used to detect naturally occurring enteric viruses in areas along the upper Texas coast known to be receiving secondarily treated domestic sewage. The concentrations of viruses in both the water column and sediment from four sites are shown in Table 9 . DISCUSSION Recent laboratory findings indicate that solids-associated viruses may play a major role in the survival and distribution of enteric viruses in nature (1, 2, 5, 18) . A large number of viruses present in domestic sewage effluents have been found to be solids associated (18), and it has been shown that viruses readily adsorb to suspended matter naturally found in both fresh and marine water (1, 2) . Viruses adsorbed to such solids remain infectious for both tissue cultures and animals (13) . In addition, it is known that solids-associated viruses will survive longer in marine water than will freely suspended virus (1, 5) . The electrolytic effect of seawater probably causes much of the suspended solids entering marine water to be deposited in sediment material. Viruses in sediments could still pose a public health problem, as the water-mud interface is not a static system. Sediments can be resuspended easily in response to currents, storms, boats, swimmers, dredging, or changes in water quality. Therefore, sampling of only surface water may not give a true indication of the potential viral disease hazard.
Metcalf et al. (11) isolated several different enteroviruses from mud samples during a study of the Houston ship channel. The average number of viruses recovered ranged from 0.9 to 4.1 PFU per 100 g of sediment. The samples were processed by suspension of the sediment in 1,000 to 2,000 ml of 0.05 M, pH 8.5 glycine buffer followed by blending in a Waring blender. Viruses in the eluate were then reconcentrated, using membrane filters. Vaughn and Metcalf (14) isolated coliphages and human enteric viruses from mud samples collected near oyster beds. Mud samples of 100 to 400 g were suspended in 50 ml of nutrient broth (pH 8.5) and then centrifuged to remove the sediment. Only 6.1% of some 347 In this report we describe a procedure that can be used to efficiently elute and concentrate enteroviruses from large volumes of estuarine sediment into small volumes that can then be readily assayed. Previous studies on viruses in sediments were limited to only grossly polluted areas; the method described in this paper is capable of sampling sediments from less polluted water. Poliovirus was used as the model virus in this study; since the conditions governing the adsorption-elution of this virus have been shown to be similar to other enteroviruses (15) (16) (17) , this method should be applicable to them also.
Metal cations in solution are known to enhance the adsorption of viruses to solids (13, 16) ; the addition of EDTA to elute viruses from sediment material probably acts by reducing this effect by combining with the cations present in the sediment. Fetal calf serum was also found to be an efficient eluent, but reconcentration of viruses into smaller volumes was not possible with membrane adsorption-elution techniques or ultrafiltration. Reconcentration of viruses in the EDTA eluates was easily accomplished by a membrane adsorption-elution technique that we have used successfully to concentrate enteroviruses from fresh and marine water (3, 12) . This technique was successfully used to detect naturally occurring animal viruses in sediments along the Texas Gulf coast. Thus, the methods described here have proven useful for the detection of naturally occurring enteroviruses in marine sediments.
The methods for virus concentration from both water and sediment have an approximate average efficiency of 50%. Therefore, the results shown in Table 9 indicate a 10-to 100-foldhigher virus concentration in the sediment than in the overlaying water on a volume basis. These techniques are currently being used to study the occurrence of viruses in water and sediment along the upper Texas coast and their relationship to conventional bacteriological indicators (Smith, Gerba, and Melnick, manuscript in preparation).
